Controlled Betatron X-Ray Radiation from Tunable Optically Injected Electrons 
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The features of Betatron x-ray emission produced in a laser-plasma accelerator are closely linked 
to the properties of the relativistic electrons which are at the origin of the radiation. While in 
interaction regimes explored previously the source was by nature unstable, following the fluctuations 
of the electron beam, we demonstrate in this Letter the possibility to generate x-ray Betatron 
radiation with controlled and reproducible features, allowing fine studies of its properties. To do 
so. Betatron radiation is produced using monoenergetic electrons with tunable energies from a 
laser-plasma accelerator with colliding pulse injection [J. Faure et aL, Nature (London) 444, 737 
(2006)]. The presented study provides evidence of the correlations between electrons and x-rays, and 
the obtained results open significant perspectives toward the production of a stable and controlled 
femtosecond Betatron x-ray source in the keV range. 



The continuous progress made over the past decade in 
the production of ultrashort x-ray radiation has opened 
novel research horizons with countless applications. The 
most advanced short pulse x-ray source to date is the 
free electron laser (FEL), producing x-ray pulse orders of 
magnitude brighter than any other source [1]. However, 
at such large facilities, beam time access is inevitably lim- 
ited and there is therefore an interest in producing com- 
pact sources delivering x-ray pulses, even if less intense 
than in a FEL, sufficiently bright to satisfy the need of 
many applications. For this reason, the research on com- 
plementary femtosecond x-ray sources remains dynamic 
and novel sources are developed in both synchrotron and 
laser-plasma interaction communities. Produced in rela- 
tivistic laser-plasma interaction, the Betatron radiation 
presents promising features to become a bright and com- 
pact femtosecond x-ray source. Demonstrated in 2004, 
this scheme allowed us to produce for the first time broad- 
band low divergence femtosecond x-ray beams in the keV 
energy range from laser-plasma interaction [2]. Since 
then the source has been developed and widely charac- 
terized. It can now generate radiation with divergence 
down to below 10 mrad and in the 10 keV range [3]. 
However, since its first demonstration, the Betatron ra- 
diation has always been produced by self-injected elec- 
trons in the bubble or blowout regime [2-7]. In that 
case, with present laser technologies, the laser pulse has 
to be shrunk in time and space to generate an appropri- 
ate bubble structure. These effects, that result from the 
relativistic self-focusing and self-shortening, are strongly 
nonlinear and by nature unstable; small fluctuations of 
any of the experimental parameters will likely lead to im- 
portant fluctuations of the Betatron radiation properties. 
Self-injected laser-plasma accelerators do not allow us to 
easily control the electron and radiation properties. In 
addition, correlations between the electron beam energy 
and x-ray properties are difficult to observe because the 
relevant parameters can not be controlled independently 
(the increase of electron beam energy usually comes with 
a decrease of the plasma density and transverse ampli- 



tude of motion). A solution to improve the control on 
the electron and radiation properties is to use the re- 
cently demonstrated laser-plasma accelerator in the col- 
liding pulse geometry [8-12]. In this scheme, electrons 
are optically injected, in a controlled way, into a mod- 
erately nonlinear wakefield and the produced electron 
bunch has a stable and tunable energy. This colliding 
pulse injection scheme has the advantage of decoupling 
the injection process from the acceleration, and hence to 
produce electron beams with controlled energy and small 
energy spread while keeping the same plasma density, 
which allows the precise study of the physics of Betatron 
radiation and to control its properties. 

In this Letter, we demonstrate experimentally that Be- 
tatron radiation can be generated with controlled fea- 
tures using electrons produced by colliding pulse injec- 
tion. In addition, we present the first precise study show- 
ing clear correlations between the electron beam and the 
Betatron radiation. This has allowed us to define a rel- 
evant theoretical model to determine the source features 
and its scaling laws. As a consequence, it opens perspec- 
tives for future developments. 

In a laser-plasma accelerator, the Betatron radiation 
is emitted by electrons which are accelerated up to rel- 
ativistic energies and undergo transverse oscillations in 
the wakefield of an intense short pulse laser propagating 
in an underdense plasma. The features of the Betatron 
radiation (angular and spectral) uniquely depend on the 
electron orbits in the accelerator. A relevant parameter 
to describe the Betatron source is the strength param- 
eter K = r^kp \/7/2, with r/3 the transverse amplitude 
of the electron orbit, kp = Up/c with Up the plasma fre- 
quency and 7 the electron Lorentz factor. In the wig- 
gler regime, K ^ 1 (regime of all experiments performed 
so far), the radiation consists of a low divergence beam 
with a broadband synchrotron type spectrum and a pulse 
duration of the same order as the electron bunch du- 
ration. For an electron oscillating with a constant en- 
ergy E = jmc^ and constant the critical energy Ec 
of the synchrotron spectrum, the half divergence (in 



2 



the plane of motion) and the number of emitted x-ray 
photons per Betatron period Nx [at the mean energy 
(E) = 8^c/(15V^)], are given by Ec = m^'^huj^ /2, 
K/j and Nx = 3.3 x IQ-'^K, where lj^s ^p/V^ 
is the Betatron frequency. 

The experiment was performed at Laboratoire 
d'Optique Apphquee with the "Sahe Jaune" Ti:Sa laser 
system. Two synchronized 35 fs [full width at half max- 
imum (FWHM)] laser pulses were used: the pump pulse 
that creates the accelerating plasma wave contained 900 
mJ and the injection pulse that triggers the injection into 
the main pump pulse wakefield contained 100 mJ. The 
two pulses had the same linear polarization. The exper- 
imental setup is presented in Fig. 1. The two beams, 
making a 135 degrees angle, were focused onto a super- 
sonic helium gas jet (3 mm diameter). For the pump 
pulse (respectively the injection pulse), the FWHM focal 
spot size was 18 /im (respectively 22 /im) and the nor- 
malized vector potential amplitude was ao = 1.3 (respec- 
tively ao = 0.4). Electron spectra and x-ray spectra or 
angular profiles were measured simultaneously in a single 
shot. The electron spectrometer consisted of a perma- 
nent bending magnet (1.1 T over 10 cm) combined with 
a phosphor screen imaged on a 16 bits CCD camera. The 
x-ray spectrometer consisted of a toroidal mirror imag- 
ing the x-ray source at 1 m on the x-ray CCD camera, 
combined with a 5000 g/mm transmission grating. The 
x-ray spectrometer acceptance solid angle is limited by 
the grating size (1 mm x 1 mm) to = 1.1 x 10~^ sr. 
Compared to diagnostics based on filters [2, 3, 7] or crys- 
tals [6], this grating spectrometer allows us to record sin- 
gle shot x-ray spectra, with a good resolution and over a 
large bandwidth, from about 1 to 4 keV, a lower photon 
energy range than what was recently measured by the 
photon counting method [13]. For x-ray angular profile 
measurements (not shown in Fig. 1), the spectrometer 
was replaced by an x-ray CCD placed on axis at 90 cm 
from the gas jet. The laser light was blocked with a 25 /am 
Be filter. In this experiment, the electron plasma density 
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8 X 10 cm which corresponds, for our ex- 
perimental parameters, to an interaction regime where 
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electrons are not self-injected in the wakefields. Conse- 
quently, electrons and x-rays were observed only when 
both laser pulses overlapped in time and space. 

We controlled the acceleration length Lace and thus 
the final electron beam energy £ by changing the col- 
lision position Zcoi between both laser pulses {zco\ = 
corresponding to a collision at the gas jet center). Do- 
ing so, it was possible to tune the electron bunch energy 
from below 100 MeV to above 200 MeV. The electron 
beam divergence and charge were typically on the order 
of 5 mrad (FWHM) and 20 pC. The features (divergence, 
flux and spectrum) of the Betatron radiation were stud- 
ied as a function of the electron energy. 

The first x-ray property which is found to be correlated 
with the final electron beam energy is the x-ray beam 
divergence. Figure 2 presents electron spectra and x- 
ray angular profiles simultaneously recorded, for different 
collision positions Zco\. The divergence of the measured 
x-ray angular profiles has a clear dependance on the final 
electron beam energy: it decreases as the electron energy 
increases. For electron beams with peak energies at 113, 
161, and 221 MeV, the measured x-ray beam FWHM 
divergences are respectively = 23.5, = 19.5, and = 
16.5 mrad. Note that a change in the electron beam 
transverse size can also have an effect on the observed 
behavior. 

The x-ray photon energies and the radiated energy per 
solid angle strongly depends on the electron energy. Fig- 
ure 3 shows four electron spectra and the corresponding 
Betatron x-ray radiation spectra, for different collision 
positions Zcoi- As x-ray photons were collected on axis in 
the small solid angle Q = 1.1 x 10~^ sr, the recorded 
spectrum is approximately the on axis spectrum, i.e. 
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FIG. 1. Schematic diagram of the experimental setup. 



FIG. 2. Sample of simultaneously measured x-ray angular 
profiles [top (a), (b), (c)] and raw electron spectra [bottom 
(a), (b), (c)], for different collision positions Zcoi- The field of 
view in each x-ray image is 29.8 mrad x 28.9 mrad and the 
color scale gives the number of counts recorded by the x-ray 
CCD. The geometric average of the horizontal and vertical 
FWHM x-ray beam divergences is indicated on each x-ray 
image. In raw electron spectra, the horizontal axis gives the 
electron energy, the vertical axis the exit angle and the color 
scale the number of counts (giving an indication of the beam 
charge) . 



3 



(Pi / {d\dQ)\Q=Q Vt. To present the evolution of the 
Betatron radiation spectrum as a function of the final 
electron beam energy, we represent relative spectra, i.e. 
spectra divided by a reference spectrum (chosen here as 
the low electron beam energy x-ray spectrum, blue curve 
in Fig. 3). This permits to remove systematic errors 
associated to the x-ray spectrometer calibration. In ad- 
dition, x-ray spectra are divided by the electron beam 
charge. The bottom part of the figure presents a raw im- 
age recorded by the x-ray CCD camera in a single shot. It 
shows the different orders of the diffraction grating and 
confirms that the Betatron radiation is emitted in the 
wiggler regime: x-ray spectra are broadband and extend 
in the few keV range. 

The x-ray spectrum exhibits a strong dependence with 
the electron beam energy. We define the experimental 
observable Sx^ = {cxQ/Qe)dI /dX\Xo as the x-ray signal 
measured at A = Aq divided by the electron beam charge 
Qe in the main peak (neglecting the effect of low energy 
electrons present in some electron spectra), where cxq is 
a calibration factor and dl/dX the absolute x-ray spec- 
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FIG. 3. Sample of simultaneously measured electron (a) and 
x-ray (b) spectra, for different collision positions Zco\- x- 
ray spectra are given per unit electron beam charge and are 
normalized by the first x-ray spectrum obtained at Zco\ = 
—0.05 mm (blue curve). The relative rms error on the rela- 
tive spectra is 5% at 0.4 nm. (c): A raw x-ray CCD image 
showing the grating diffraction orders, from which x-ray spec- 
tra are obtained. 



trum (in J/nm). First, at a given wavelength Aq, the 
x-ray signal per unit electron beam charge Sxq increases 
rapidly with the final electron energy. Second, the signal 
increases much more at short wavelength, than at long 
wavelength. This corresponds to a change in the spec- 
trum shape, which shifts towards shorter wavelengths 
(higher photon energies) when the final electron beam 
energy increases. 

For a more quantitative study of the evolution of the 
x-ray spectral properties with the final electron beam 
energy, the x-ray signal 5'o.4nm and the ratio R = 
'S'o.4nm/'S'o.9nm are plotted in Fig. 4 as a function of the 
electron beam energy for a full set of shots with different 
collision positions Zco\- The x-ray signal 6'o.4nm provides 
information on the evolution of the radiated energy per 
unit solid angle at a fixed wavelength, while the ratio R is 
representative of the shift of the spectrum towards lower 
or higher photon energies. The result shows again that 
these quantities are strongly correlated with the electron 
beam parameters. The x-ray signal 6'o.4nm is smaller than 
the detection threshold for electrons below 80 MeV, and 
then increases sharply with the electron beam energy. 
In addition, the increase of R with the electron energy 
shows how the x-ray spectrum shifts towards higher pho- 
ton energies when electron energies are increased. The 
sharp increase of 5'o.4nm, as observed in Fig. 4, justifies a 
posteriori that we can neglect the infiuence of low energy 
electrons present in some electron spectra (e.g. see the 
spectrum at Zco\ = —0.05 mm in Fig. 3), because they 
lead to a contribution to the x-ray signal smaller than 
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FIG. 4. Evolution of the x-ray signal at 0.4 nm per unit elec- 
tron beam charge, 5'o.4nm oc {1/Qe)dl /dX\Q_4nm (blue circle), 
and the ratio R = 5'o.4nm/*S'o.9nm between the x-ray signal 
at 0.4 and 0.9 nm (red square), as a function of the electron 
beam energy. Horizontal error bar extremities are positioned 
at half maximum of electron spectra, and vertical error bars 
show the estimated error on the x-ray signal measurement. 
The results of the model are shown in blue solid line and red 
dashed line, respectively for 6*0. 4nm and R. 
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the error bar of the nieasurement. 

The behaviors of 5'o.4nm and R can be explained as 
follows. The measured value of Sx^ can be written as 
a function of the final Lorentz factor 7^ of the electron 
beam as 

where 7 = 6^7/ (it and dP/dE^Eoij) is the energy radiated 
per unit time in the photon energy band dE centered on 
^0 = he/ Ao and in the solid angle ^7, by an electron beam 
of charge Qe during its acceleration. Since dP/dE^^o in- 
tegrates the contribution of all electrons (having different 
Betatron amplitudes), it does not strictly have a syn- 
chrotron shape but for the sake of simplicity and for the 
following qualitative discussion we will use this assump- 
tion. As the electron beam accelerates and 7 increases, 
S'ao, with Ao in the subnanometer range, increases for 
three reasons. First, the increase of the final electron en- 
ergy comes from an increase of the acceleration length 
such that 7/ appears to be the upper limit of the inte- 
gral in Eq. (1), resulting in a necessarily increasing x-ray 
signal and in a linear increase for a constant integrand. 
Second, higher electron energies result in a higher critical 
energy Ec for the photon synchrotron spectrum appear- 
ing in the integrand of Eq. (1), due to the Doppler shift 
factor of 27^. At the beginning (low 7), the photon en- 
ergy £^0 = hc/Xo lies in the tail of the synchrotron spec- 
trum, which has an exponential decay ~ ex.-p{—E/Ec) for 
E ^ Ec. Thus, when 7 and Ec increase, the integrand in- 
creases roughly as exp(— £^o/^c) and eventually deviates 
from this behavior as £^0 becomes closer to the critical 
energy and approaches the peak of the synchrotron spec- 
trum. The experimental behavior of R is the result of 
the Doppler shift and the increase of Ec- Third, the x- 
ray beam divergence decreases with 7 and therefore the 
radiated energy is confined in a smaller solid angle. 

These effects can be properly and quantitatively taken 
into account using a simple model which describes the 
radiation from an accelerating electron bunch in a fo- 
cusing field and fits its properties to the experimental 
results. The wake of the laser pulse is approximated 
by a spherical ion cavity propagating in the direc- 
tion with a velocity close to the speed of light. The 
motion of electrons trapped in this wake consists of an 
acceleration in the longitudinal direction e^, due to a 
longitudinal force F^, combined with a transverse oscil- 
lation across the cavity axis at the Betatron frequency 

ujp yJauj'^/{2^) [14, 15], due to a transverse linear 

focusing force = —mauj'^r/2 eV {a is an adjustable 
numerical factor used to describe any deviation from the 
nominal transverse force corresponding to a fully evacu- 
ated ion cavity). Because the electron motion is essen- 
tially longitudinal, <^ Pz^ the Hamiltonian describ- 
ing the electron dynamics can be expanded and sep- 



arated into a longitudinal and a transverse part [16], 

n = n, + Ea=.,y'^a, with 

= 2^ + Jmaw^a^ = J^co^, (2) 

with a = x^y and where Jx^Jy are the action variables 
which are conserved for an adiabatic variation of 7 such 
that \{l/uj'^)duji3/dt\ <C 1 {i.e. an adiabatic acceleration). 

We consider an electron bunch initially described 
by a Maxwell-Boltzmann transverse distribution func- 
tion f{x,y,Px,Py) = fo^^p{-T^a=x,y^a/kBT±) and 
we numerically solve for the electron trajectories and 
then compute their radiation from the Lienard-Wiechert 
fields [17]. In the expression for /, Tj_ is the electron 
beam transverse temperature which evolves as T± oc 
7~^/^ for an adiabatic acceleration. The longitudinal 
force is estimated from the measurement of E{zcoi), and is 
approximately constant, Fz — 100 GeV.m"^. The trans- 
verse initial positions and momenta of 10^ electrons are 
randomly generated according to the distribution func- 
tion /. The model reproduces the experimental behaviors 
of 5'o.4nm and R simultaneously for a = 1 and for a rms 
transverse size a = ^j2kBTj_ / {mauj^) = 0.23 ± 0.08 /im 

at ^ = 200 MeV, as can be seen in Fig. 4 [and also for 
other choices of (a, a) satisfying aa = 0.23 /im]. The fit 
parameters used here are a<j, co.4nm and co.4nm/co.9nm- 
This result shows that the measured x-rays follow the 
properties of synchrotron radiation from electrons in ac- 
celeration which are oscillating in a transverse focusing 
force, and provides a measurement of aa. This measure- 
ment, together with the measurement of other properties 
of Betatron radiation (beam divergence and source size) , 
can provide a complete characterization of laser-plasma 
accelerator properties: emittance, focusing strength and 
width of the angular momentum distribution. This char- 
acterization will be the object of a separate paper. 

In conclusion, we presented experimental results on the 
production of Betatron radiation by controlled and sta- 
ble electron beams generated in a laser-plasma acceler- 
ator with optical injection. Spectra or angular profiles 
were measured in a single shot, simultaneously with the 
electron beam. The decoupling between the electron in- 
jection process and the acceleration offers a unique pos- 
sibility to explore the physical mechanisms at the origin 
of the source. Indeed, for the first time, the Betatron ra- 
diation is produced by well defined and tunable electron 
beams, without changing the plasma density, which per- 
mits to test the links between electrons and x-rays and to 
confirm the scaling laws for future developments of the 
source. The results are well reproduced with a simple 
model of radiation from an accelerating electron bunch 
in an ion cavity. They show a strong correlation between 
the electron beam parameters and the x-ray properties, 
validating the ion cavity model and the synchrotron na- 
ture of the observed radiation. They also give an insight 
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into the accelerator properties, through the measurement 
of aa. 
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